We present an improved perfectly matched layer (PML) for the analysis of plasmonic structures, based on the manipulation of PML parameters. Two different types of stretched coordinate PML are employed sequentially in the spatial domain: a real stretched coordinate PML to increase the effective buffer space around plasmonic structures and a complex stretched coordinate PML to absorb outgoing waves and terminate the computational domain. Numerical examples show that a significant increase in computational efficiency is obtained because the proposed PML can be placed closer to plasmonic structures than the regular PML without affecting the field distribution of bound modes.
Introduction
Plasmonic devices are of great interest for providing localized field enhancement and subwavelength field confinement at nanoscale [1] - [3] . The former properties can be utilized, for example, in ultrasensitive sensing applications [4] , [5] and the latter properties can be employed, for example, in the design of compact nanophotonic devices [5] - [8] .
The transverse size of plasmonic structures is usually much smaller than the wavelength of operation. In addition, plasmonic structures can exhibit large field gradients at the interface of metals and surrounding media. As a result, highly refined meshes (i.e., having a large number of grid points per wavelength) are required in numerical simulations. The finite-difference time-domain (FDTD) method [9] has become very popular for the modeling of plasmonic structures [10] - [12] because of its robustness, versatility, and visualization capabilities. The perfectly matched layer (PML) is routinely used for truncating the computational domain in FDTD by providing reflectionless absorption of the outward-transverse propagating fields [13] . A buffer region between the PML and the structure(s) of interest is necessary so that the field distribution of bound modes in the physical domain is not affected by the presence of the PML. Otherwise, the artificial conductivity in the PML can affect the phase of fields of bound modes [14] . In many problems, the computational costs required by the presence of this buffer region are not too significant. However, in the numerical simulation of subwavelength problems such as plasmonic structures, the cost can be quite considerable, because their oversampled nature implies that the bound modes (with transversely evanescent fields) span many grid points away from the structure.
In this work, we present an efficient PML suitable for the analysis of plasmonic structures. The new PML is termed "two-stage PML" because two different types of stretched coordinate PML are employed separately and in sequence in the spatial domain. PML parameters are adjusted to provide a real stretched coordinate (RSC) PML in the first stage and a complex stretched coordinate (CSC) PML in the second stage. The role of the two PML stages is different: the RSC PML stage acts as an extra degree of freedom to effectively extend the spatial span of the buffer grid region [14] and the CSC PML acts to absorb transversely propagating fields (leaky modes). The overall effect of the two-stage PML can be made equivalent to the use of variable grid sizes in conjunction sequentially with a regular PML, but the new framework provides a more general and systematic approach for implementation and for joint optimization of the added degrees of freedom (real and imaginary stretching). The proposed two-stage PML can be placed much closer to plasmonic structures and reduce the overall computational costs versus the regular PML. We illustrate this improvement by analyzing a 3-D plasmonic gap waveguide using FDTD.
Formulation
Because the PML can be viewed as a mapping of Maxwell's equations to a complex coordinate space [15] , [16] , a modified nabla operator results, given by
with
where ξ stands for x, y or z. In the above equation, σ ξ is the artificial conductivity and it is used to absorb transversely propagating fields. The real part of the stretching parameter s ξ (i.e., κ ξ ) can be used to effectively extend the spatial span
Copyright c 2010 The Institute of Electronics, Information and Communication Engineers of the computational domain and thus increase the decay rate of evanescent fields in the grid. In practical implementations, both σ ξ and κ ξ need to be increased gradually to avoid spurious numerical reflections due to the discrete-space nature of FDTD. A polynomial scaling is often employed as follows
where we dropped the coordinate subscripts for simplicity.
In the above, d is the spatial thickness of the PML and the parameter σ max can be computed from the theoretical reflection error at normal incidence R(0) [9] :
We note that the choices σ max > 0 and κ max = 1 lead to the original PML proposed by Berenger [13] . In this work, the PML parameters are adjusted differently from the regular PML above. The PML thickness d is divided into two sub-regions d 1 and d 2 . In the first stage (d 1 ), a real valued s is employed (to extend the effective physical span of the computational domain) and in the next stage (d 2 ), a complex valued s is employed (to absorb transversely propagating fields). In the first stage we have
where Δξ is the spatial cell size. For the second stage we have
Here, σ max is chosen differently from the regular PML since σ(ξ) > 0 in the second stage only. In (7), geometric scaling is employed for κ but other profiles such as polynomial profiles can be employed as well
The PML parameter κ max determines the physical thickness of the extra buffer region. The parameter κ max should be chosen carefully: if κ max is too large, spurious numerical reflections would ensue because of poor effective spatial resolution [17] . Note from (9) that κ(ξ) is constant along the second stage.
Numerical Results
To validate the proposed two-stage PML, we consider a plasmonic Ag gap waveguide with cross-section illustrated in Fig. 1 , with both gap width and height equal to 50 nm. The simulation employs a 3-D FDTD algorithm where the Drude model is used to model the Ag material response and incorporated into the time-marching update [12] . In order to adequately model this structure, we employ a 3-D mesh with spatial cell size Δh = 2.5 nm, corresponding to 600 points per (vacuum) wavelength at λ 0 = 1550 nm. Quartic polynomial scaling (m = 4) is used for the artificial conductivity profile σ, with R(0) = 0.001%. The plasmonic gap waveguide is excited by a uniform current source in the gap represented by a raised-cosine-ramped sine wave (λ 0 = 1550 nm) in the time domain (to avoid DC offsets) [18] . As a result, both "bound" (transversely evanescent fields) and "leaky" (transversely propagating fields) modes are generated. A large buffer region and the PML region are required due to the presence of bound modes and leaky modes, respectively. First, we use the regular PML with a large buffer region (700 nm) as reference so that the behavior of the plasmonic structure would be undisturbed by the presence of the PML. Figure 1 shows the power density profile in dB scale at λ 0 = 1550 nm for the fundamental mode on the cross-section of this waveguide. Next, we employ a small buffer region (225 nm). In this case, the region inside the white dashed box indicated in Fig. 1 is the computational domain excluding the PML. We employ the two-stage PML for the transverse directions and the regular PML for the axial direction. Figure 2 shows three different types of scaling for κ in the two-stage PML which lead to an equivalent buffer region of 700 nm approximately. Figure 3 shows normalized electric field intensity along the axial direction at the center of the 3-D plasmonic gap waveguide, with good agreement between the reference and the two-stage PML results. The two-stage PML case includes geometrical profile results and polynomial profile results with linear (n=1) and quadratic (n=2) profiles. We also simulate the plasmonic structure employing the regular PML with the small buffer region and with m = 4 and m = 2, for comparison. Figure 4 shows a dB scale plot of the error in the power density. It is seen that the error of the two-stage PML case with geometric profile for κ is below −10 dB over the entire computational domain while the error of the regular PML case is considerably larger, with peak value of about −1.5 dB. The use of a polynomial profile for κ further reduces the error in this problem, to a peak value approaching −20 dB as seen in Fig. 4(c) . Both CPU time and memory requirement for the two-stage PML simulation are circa 12.5% of those of the reference simulation.
Conclusion
An efficient PML has been proposed for the analysis of plasmonic structures, based on a two-stage combination of realand complex-stretched coordinates. The buffer region between the PML and plasmonic structures can be greatly reduced by employing the proposed PML. To illustrate this improvement, a 3-D plasmonic gap waveguide has been analyzed using FDTD and the proposed PML.
The two-stage PML can also be applied to other numerical methods such as unconditionally stable FDTD [19] , [20], finite-difference frequency-domain (FDFD) [21] , and finite-element methods (FEM) [22] . More generally, the two-stage PML is suited for the analysis of subwavelength structures (not necessarily plasmonic) requiring highly refined meshes [23] . 
